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11 Abstract. Noninvasive brain stimulation (NIBS) techniques such as transcranial
12 magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) have
13 recently attracted interest due to their potential for transiently improving cognitive
14 functions and memory in human beings. In aging, these techniques may prove
15 particularly valuable given the impact of age-related cognitive dysfunction on quality
16 of life. The present review summarizes the currently available evidence of working
17 and episodic memory enhancement achieved using NIBS in healthy elderly people.
18 The evidence reviewed indicates that research is still at an early stage and that there
19 is a need to define the best procedures for operating and performing multicenter
20 characterization of protocols. However, a limited number of sham-controlled studies
21 have reported improvements in both working memory and episodic memory domains
22 among healthy elders using NIBS. Furthermore, some studies have demonstrated the
23 long-term persistence of the positive effects, a finding that opens up the possibility of
24 using NIBS as an adjuvant therapeutic strategy in the management of age-associated
25 memory decline. However, the relevance of many of the variables involved and
26 approaches used remains to be elucidated, including the potential benefits of single
27 versus multiple NIBS sessions, the putative synergistic effects of using NIBS in
28 combination with cognitive training, and the importance of individual differences
29 between subjects. Overall, NIBS techniques represent a promising opportunity for
30 psychologists seeking strategies to improve memory functions in the elderly.
31 Nevertheless, their use requires appropriate technical knowledge coupled with a
32 clear understanding of the neurophysiology and cognitive neuroscience of aging. Only
33 by ensuring that these requirements are met can we refine our hypotheses and select
34 the best procedures for optimizing the effect of NIBS on cognitionQ3 .
35
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3839 In developed countries, the size of the elderly population is
40 growing rapidly. By 2050, the elderly in these regions are
41 expected to outnumber children by two to one (United
42 Nations, 2013). This substantial increase is due to advances
43 in medicine, public health measures, and rising standards of
44 living (Cohen, 2003). While maturity provides experience
45 and knowledge, aging also entails cognitive and motor
46 decline and is a significant risk factor for several neurode-
47 generative disorders, especially Alzheimer’s disease (AD;
48 Hebert, Scherr, Bienias, Bennett, & Evans, 2003). Cogni-
49 tive dysfunction is one of the conditions that negatively
50 impact quality of life in the elderly (Plassman et al.,
51 2008); it is therefore vital to study and develop programs
52 to maintain cognitive function and independence.

53There is accumulating knowledge about how cognition
54changes with age. Many aspects of information processing
55become less efficient (Craik & Salthouse, 2007), a phenom-
56enon which, on a population basis, is particularly marked
57from the seventh decade of life onwards (Rönnlund,
58Nyberg, Bäckman, & Nilsson, 2005). Reduced cognitive
59performance associated with aging is not a homogeneous
60process; certain functions show substantial decline, while
61others remain stable throughout the lifetime. Among the
62cognitive abilities affected by aging, working and episodic
63memory are perhaps the ones that stand out the most. There
64is strong evidence that working memory (WM), the process
65by which information is held and manipulated for very
66short time intervals, decreases with age (Reuter-Lorenz &
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67 Sylvester, 2005) and is partially responsible for losses in
68 long-term memory. Long-term episodic memory refers to
69 the explicit recollection of events and is also reported to
70 be highly susceptible to age (Zacks, Hasher, & Li, 2000Q4 ).
71 Vulnerability with advancing age has been demonstrated
72 for the different subprocesses of long-term episodic mem-
73 ory, such as the encoding, storage, and retrieval of
74 information.
75 Memory dysfunctions in the elderly are accompanied by
76 age-related changes in the brain systems that support these
77 cognitive functions. Neuroimaging has revealed that aging
78 in the human brain is characterized by gray matter cortical
79 thinning and loss of volume (Fjell et al., 2009; Good et al.,
80 2001), ventricular expansion (Earnest, Heaton, Wilkinson,
81 & Manke, 1979), decreased density of white matter fibers
82 (Sala et al., 2012), neurotransmitter depletion (Reeves,
83 Bench, & Howard, 2002), and alteration of functional brain
84 networks (Ferreira & Busatto, 2013; Spreng, Wojtowicz, &
85 Grady, 2010). However, age-related changes are not homo-
86 geneous, since some regions show steeper declines than
87 others. Specifically, fronto-parietal executive networks,
88 including the dorsolateral prefrontal cortex (PFC) and the
89 superior parietal lobe, which both play a fundamental role
90 in WM processes, are among the regions that suffer the
91 greatest age-related changes (Good et al., 2001). Similarly,
92 the medial temporal lobe is particularly affected by the del-
93 eterious effects of age (Fjell, Westlye, et al., 2014; Fjell
94 et al., 2013). Coupled with the PFC, this system includes
95 the hippocampus, the entorhinal cortex, and the parahippo-
96 campal cortex and plays an essential role in several phases
97 of long-term episodic memory. As well as encoding, stor-
98 ing, and recalling information, episodic memory includes
99 other processes such as reconsolidation, which involves
100 the reactivation of consolidated memories (usually through
101 a reminder) to a labile state in which these memories can be
102 modified before they restabilize (Schwabe, Nader, &
103 Pruessner, 2014). Finally, the default mode network
104 (DMN) is a set of brain regions which fluctuates synchron-
105 ically when subjects are at rest and is deactivated during
106 goal-oriented activity. The DMN comprises the prefrontal
107 and posteromedial areas as well as temporal middle and
108 medial areas, and is essential for memory functions. It is
109 particularly vulnerable to the effects of advanced age, in
110 which a progressive reduction in functional connectivity
111 is observed between the main anterior and posteromedial
112 cortical nodes (Andrews-Hanna et al., 2007; Vidal-Piñeiro,
113 Valls-Pedret, et al., 2014) as well as with the hippocampal
114 formation (Salami, Pudas, & Nyberg, 2014). This suscepti-
115 bility may be related to the network’s central role as a sys-
116 tem that subtends lifelong brain plasticity adaptations (Fjell,
117 McEvoy, et al., 2014; Fjell et al., 2009).
118 In summary, memory processing dysfunction is a
119 common, important phenomenon in the elderly and has sig-
120 nificant implications for health and for society as a whole.
121 One suitable approach to help to counteract age-related
122 cognitive impairment is the use of cognitive training, which
123 focuses on improving specific cognitive functions through
124 intensive practice of cognitive exercises. Cognitive training
125 is restorative in nature, aiming to reinstate reserve brain
126 capacities or to provide greater resilience against

127neuropathology (Gates & Sachdev, 2014). Although ran-
128domized clinical trials are still scarce, meta-analyses and
129literature reviews indicate that cognitive training can signif-
130icantly enhance cognitive function in healthy elders in terms
131of episodic memory, working memory (WM), executive
132functions (EFs), and processing speed (Gates, Fiatarone
133Singh, Sachdev, & Valenzuela, 2013; Kelly et al., 2014).
134The present review focuses on an additional approach
135which has recently been proposed for enhancing cognitive
136functions in aging: the use of noninvasive brain stimulation
137(NIBS) techniques. NIBS is able to obtain potential cogni-
138tive benefits in aging as it allows the external induction or
139modulation of plasticity-enhancing mechanisms. Therefore,
140it may well be a valid option for tackling age-related cogni-
141tive decline (Elder & Taylor, 2014; Gutchess, 2014), either
142alone or in combination with other tools that aim to
143enhance adaptive plasticity responses such as cognitive
144training (Bentwich et al., 2011; Park, Seo, Kim, & Ko,
1452014) or physical interventions (Prakash, Voss, Erickson,
146& Kramer, 2015). Applied in the elderly population, these
147procedures may help to optimize the usage of preserved
148functional brain resources that are linked to the mainte-
149nance of cognitive performance (Nyberg, Lövdén, Riklund,
150Lindenberger, & Bäckman, 2012) or may engage compen-
151satory mechanisms (Cabeza, Anderson, Locantore, &
152McIntosh, 2002) which can moderate impending age-
153related or pathology-related brain changes (Bartrés-Faz &
154Arenaza-Urquijo, 2011).
155The present review summarizes the available evidence
156on working and declarative learning/memory enhancements
157reported with the use of NIBS in healthy elderly individuals
158(i.e., those without diagnoses of neuropsychiatric condi-
159tions). Previous studies have reported improvements in
160older adults with depression (Moser et al., 2002), in
161neuro-rehabilitation following stroke, and in neuropsychiat-
162ric or neurological conditions (Elder & Taylor, 2014; Flöel,
1632014; Kuo, Paulus, & Nitsche, 2014). Findings involving
164the effects of NIBS on other cognitive domains in healthy
165older adults, such as language generation (Meinzer,
166Lindenberg, Antonenko, Flaisch, & Flöel, 2013; Meinzer,
167Lindenberg, Phan, et al., 2014), naming (Cotelli et al.,
1682010; Fertonani, Brambilla, Cotelli, & Miniussi, 2014;
169Ross, McCoy, Coslett, Olson, & Wolk, 2011), inhibitory
170responses (Harty et al., 2014), and motor learning
171(Zimerman et al., 2013), are not directly addressed in this
172review, but references are included when appropriate.
173Before focusing on the specific studies in this field, a
174general introduction to the relevant aspects of NIBS is pro-
175vided. A thorough review of these techniques is beyond the
176scope of this manuscript, and readers are referred to several
177excellent articles already published on this topic (Dayan,
178Censor, Buch, Sandrini, & Cohen, 2013; Hallett, 2007;
179Stagg & Nitsche, 2011) including the ones published in this
180issue.
181Briefly, the NIBS techniques most commonly used in
182memory studies with older adults are transcranial magnetic
183stimulation (TMS) and transcranial direct current stimula-
184tion (tDCS). Other techniques such as transcranial alternat-
185ing and random noise stimulation (tACS; tRNS) are also
186widely reported in the neuroscience literature. TMS can
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187 be applied either using single pulses or in a repetitive fash-
188 ion (repetitive TMS, rTMS) and is based on the principles
189 of electromagnetic induction. A strong and short electric
190 pulse of current passes through a coil placed over the per-
191 son’s head, inducing a brief changing magnetic field. This
192 in turn causes a secondary electric current in a nearby con-
193 ducting tissue such as the brain. The effects of the second-
194 ary electrical currents can be sufficient to depolarize
195 cortical neurons. The final outcome depends on the charac-
196 teristics of the stimulation as well as on the functional prop-
197 erties of the targeted area (i.e., degree of activity) when
198 stimulated. In contrast, tDCS uses constant low currents
199 delivered to specific brain areas through a pair of elec-
200 trodes. This has a neuromodulatory effect, possibly modify-
201 ing membrane polarization and therefore the neuron firing
202 threshold potential, and changing the cortical excitability in
203 the targeted brain areas (Nitsche & Paulus, 2000).
204 While the effects of NIBS depend on several parame-
205 ters, it is generally accepted that high-frequency stimulation
206 by TMS (� 5 Hz) and anodal tDCS increase cortical excit-
207 ability, whereas low-frequency stimulation by TMS
208 (� 1 Hz) and cathodal tDCS leads to cortical inhibition.
209 Additionally, NIBS may produce brain changes in distant
210 but functionally related regions, affecting the activity not
211 only of discrete areas but also of entire brain networks
212 (Bortoletto, Veniero, Thut, & Miniussi, 2015).
213 Critically for cognitive neuro-enhancement, the effects
214 of both tDCS and rTMS can persist after stimulation cessa-
215 tion – the so-called ‘‘after effects.’’ These are considered
216 residual functional brain responses which can last for rela-
217 tively prolonged periods and are thought to be mediated
218 through the modulation of brain plasticity mechanisms
219 related to long-term potentiation (LPT) and long-term
220 depression-like (LTD) phenomena (Liebetanz, Nitsche,
221 Tergau, & Paulus, 2002; Nitsche et al., 2003). However, it
222 should be noted that it is still not clear how putative LTP/
223 LTD-like effects induced by NIBS correspond to the
224 changes in brain activity or connectivity observed using
225 functional neuroimaging techniques.

226 Methods, Search Criteria, and Studies
227 Included

228 Our search was performed using the PubMed database. We
229 included studies available online up to December 15, 2014.
230 The search used the following NIBS keywords: ‘‘Transcra-
231 nial Magnetic Stimulation or TMS,’’ ‘‘theta-burst stimula-
232 tion,’’ ‘‘transcranial direct current stimulation or tDCS,’’
233 ‘‘transcranial alternating current stimulation or tACS,’’
234 and ‘‘transcranial random noise stimulation or tRNS.’’ Fur-
235 ther, we combined these with a term referencing elderly
236 subjects: ‘‘aging,’’ ‘‘ageing,’’ ‘‘old adults,’’ ‘‘older adults,’’
237 and ‘‘elderly.’’ We reviewed the titles and abstracts from
238 the resulting searches and selected those that referred to
239 cognitive studies. Those that looked at cognitive enhance-
240 ments associated with NIBS administration were reviewed
241 in full.

242We excluded review reports and studies performed in
243samples where the age of participants was under 40 years.
244We also excluded studies of patients and of non-human sub-
245jects. Finally, the main review included investigations
246reporting or hypothesizing changes in brain function or
247activity associated with NIBS in working and episodic
248memory functions in the elderly. We identified eight articles
249that met the review criteria, and these are summarized in
250Table 1. A brief description of the main findings as well
251as the interpretation of the observed effects is provided in
252the next section.

253Review of the Use of NIBS Neuro-
254Enhancement Protocols in the
255Healthy Elderly

256In what we believe to have been the first published study
257aiming to improve declarative memory processes in non-
258demented older individuals (Solé-Padullés et al., 2006) used
259high-frequency repetitive TMS (rTMS; 5 Hz) over the PFC
260in a group of participants with subjective cognitive com-
261plaints. This investigation included a sham-controlled
262design with the administration of offline rTMS in the inter-
263val between two equivalent face-name associative learning
264tasks. Increased recognition memory performance was
265observed only after real stimulation. Further analyses of
266brain activity by functional magnetic resonance imaging
267(fMRI) were performed during the encoding task and evi-
268denced greater bilateral prefrontal patterns of brain activity
269in the group that received real stimulation. Particularly dur-
270ing the baseline (pre-stimulation) encoding task, PFC activ-
271ity was dominated by left-sided engagement during
272learning. In contrast, in the second equivalent fMRI session
273after TMS, areas of the right PFC became more activated.
274An unusual feature of this study, which may have influ-
275enced the results, was the use of a double-cone coil This
276device is known to be less focal than the more frequently
277employed figure-of-eight coil which allows dual hemi-
278sphere stimulation when positioned over the superior
279PFC. Therefore, the cognitive improvements observed were
280interpreted as evidence that rTMS could have intensified
281the expression of latent compensatory mechanisms by
282increasing the bilateral recruitment of the frontal cortex.
283This finding was consistent with the cognitive neuroscience
284models of aging (Cabeza, 2002). More specifically, the
285results were also consistent with classical fMRI observa-
286tions (Cabeza et al., 2002; Reuter-Lorenz et al., 2000)
287and ‘‘causal mapping’’ rTMS studies. After altering brain
288activity through online rTMS (Bestmann et al., 2008; Rossi
289et al., 2004), the presence of a compensatory process was
290reported in the right hemisphere, while another study
291(Manenti, Brambilla, Petesi, Miniussi, & Cotelli, 2013)
292found that elderly with high cognitive performance relied
293more on the functional integrity of the right PFC when
294faced with cognitive demands.
295In a further report, data from the active stimulation group
296of the study mentioned above (Solé-Padullés et al., 2006)
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302302302302302302were reanalyzed to determine whether the main genetic risk
303factor for AD, the apolipoprotein E (APOE) e4 allele, had
304any effect on brain responses to rTMS (Peña-Gomez et al.,
3052012). In this sub-analysis, relevant differences appeared at
306the level of the reorganization of brain networks following
307brain stimulation in genetic subgroups. Specifically, among
308the individuals at genetic risk for AD, rTMS resulted in a
309robust reorganization of brain networks expressed during
310effortful encoding phases, and affected the functional organi-
311zation of the DMN regions (investigated as a set of areas
312showing deactivation during cognitive activity). The most
313striking observation after TMS was that, despite clearly dis-
314similar patterns at baseline, the brain network topography
315was now similar in the group with the genetic risk factor
316and in the group without it.
317TMS thus normalized brain connectivity patterns in
318individuals at genetic risk for AD, a finding borne out by
319subsequent reports in patients with healthy aging (Meinzer
320et al., 2013) as well as in patients with mild cognitive
321impairment (MCI; Meinzer, Lindenberg, Phan, et al.,
3222014; Petersen, 2011). In these investigations, which
323focused on word generation tasks, anodal tDCS was able
324to attenuate the differences in brain activity and connectiv-
325ity between the intervention and control groups, with few
326differences being observed between old and young adults
327or between MCI-affected and healthy older adults following
328stimulation.
329Although some previous studies have reported memory
330improvements in the elderly, others have failed to show any
331behavioral changes in spite of observing brain activity and
332connectivity modulation in response to NIBS. This lack of a
333behavioral impact coupled with a physiological effect of
334TMS is acknowledged in the literature. Here, when stimu-
335lation modulates the remote physiological response in a
336state-dependent manner but does not disrupt performance
337it should not be regarded as a null result, as it permits the
338study of functional relationships between areas that vary
339under different conditions, while avoiding the complica-
340tions of interpreting the neural changes in terms of behav-
341ioral modulation. Thus, this approach makes it possible to
342study how the different areas relate to and influence each
343other under different behavioral states (Feredoes, Heinen,
344Weiskopf, Ruff, & Driver, 2011). Alternatively, when stim-
345ulation is applied offline, changes in physiological correlate
346without behavioral changes can be interpreted as the
347engagement of compensatory mechanisms (Ruff et al.,
3482009).
349Vidal-Piñeiro et al. (2014) Q5aimed to improve episodic
350memory during a task that included two levels of encoding
351(semantic vs. perceptual encoding strategies). For this pur-
352pose, TMS was applied over the left inferior frontal gyrus
353and in the interval between two memory tasks performed
354within the fMRI. We used intermittent theta-burst stimula-
355tion (iTBS), a patterned TMS stimulation that usually leads
356to excitatory post-effects (Huang, Edwards, Rounis, Bhatia,
357& Rothwell, 2005). Unexpectedly, iTBS did not lead to
358memory modulations, but task-dependent modifications in
359memory networks were observed. Application of iTBS
360enhanced cortical activity, both locally and in distal
361connected visual regions, specifically during deep encodingTa
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362 trials. These findings were interpreted as evidence of a top-
363 down circuit implicated in semantic-based encoding strate-
364 gies which might be related to the observation of relatively
365 preserved memory in aging when stimuli are semantically
366 encoded (Logan, Sanders, Snyder, Morris, & Buckner,
367 2002).
368 In another study, facilitation of episodic memory was
369 observed in elderly participants following NIBS (Manenti,
370 Brambilla, Petesi, Ferrari, & Cotelli, 2013). Using tDCS,
371 the authors reported that when the anodal electrode was
372 positioned on the left dorsolateral PFC or on the parietal
373 region, but not in the corresponding areas in the right
374 hemisphere, participants exhibited improved reaction times
375 during a verbal memory recognition task. In a young group,
376 the beneficial effect was found for stimulation of both left
377 and right dorsolateral PFC and the parietal region. The
378 authors interpreted this as evidence of enhanced verbal
379 coded strategies supported by the left hemisphere in the
380 elderly, which improved performance in the system with loss
381 of regional specialization. In contrast, both hemispheres
382 appeared to contribute equally to performance outcomes in
383 young subjects, the left with verbal strategies and the right
384 with visuospatial processes. Therefore, this study linked
385 the cognitive improvement induced by NIBS in old adults
386 to theories of bi-hemispheric compensation and models of
387 dedifferentiation of functional specificity with advancing
388 age (Park & Reuter-Lorenz, 2009).
389 Sandrini and colleagues (2014) recently investigated the
390 effects of tDCS on consolidated memories using a memory
391 reconsolidation paradigm. The concept of reconsolidation
392 highlights the fact that reactivation of consolidated memo-
393 ries through a cue forces the triggered memory into a tran-
394 siently vulnerable state where it can be strengthened,
395 disrupted, or updated for a short period (Alberini &
396 Ledoux, 2013). Previous reports by the same group
397 (Sandrini, Censor, Mishoe, & Cohen, 2013) using the same
398 paradigm in young individuals showed that rTMS delivered
399 to the DLPFC is able to induce long-lasting memory
400 enhancements if applied during reconsolidation. In their
401 study with elderly participants, 24 hr after the initial learn-
402 ing phase, the authors tested whether anodal tDCS on the
403 left dorsolateral PFC could enhance the effects of reconsol-
404 idation of long-term memory performance. They showed
405 that, compared with sham stimulation, active tDCS
406 decreased the ‘‘forgetting rate’’ tested 48 hr and 1 month
407 after the initial memory encoding. However, tDCS induced
408 better long-term memory performance irrespective of
409 whether the subjects underwent a period of memory recon-
410 solidation in the form of a spatial contextual reminder. The
411 ability to reinforce memories after acquisition raises the
412 possibility that NIBS could be applied at different stages
413 of the memory process, not only during external-oriented
414 cognitive tasks. In addition, it might promote the use of
415 NIBS as an adaptable memory enhancement tool when tar-
416 geting daily routines.
417 The right temporoparietal region is known to be
418 involved in object-location learning. Consequently, Flöel

419and colleagues (2012) applied tDCS to this area while sub-
420jects learnt to identify the position of picture buildings in
421two-dimensional street maps. The authors observed that
422learning and immediate recall were not affected by tDCS,
423but that the real stimulation created better long-term
424(1 week) memory performance compared with sham. The
425authors suggested that tDCS might have increased hippo-
426campal activity during object-location learning, thereby
427improving memory performance. The studies of both
428Sandrini (Sandrini et al., 2014) and Flöel (Flöel et al.,
4292012) suggest that the effects of tDCS interact with consol-
430idation processes, in accordance with other studies in the
431literature which report behavioral improvements. For
432instance, using a complex motor skill learning task over
433five consecutive days in young individuals, Reis and col-
434leagues (2009) observed benefits induced by anodal tDCS
435but only when considering offline measures (i.e., improve-
436ments between training sessions, reflecting consolidation
437of the learning period). However, in the specific case of
438elders this proposal is challenged by the findings of
439(Zimerman et al., 2013) and the previous study by Hummel
440(Hummel et al., 2010) which measured the performance of
441a set of motor skill tasks and motor skill learning, respec-
442tively, and reported improvements during online motor skill
443acquisition. Similarly, using a confrontation-naming task,
444Fertonani and colleagues (2014) observed greater beneficial
445online effects for older individuals than for younger ones.
446Altogether, the findings may be compatible with the inter-
447pretation that in young individuals, the fine-tuning of the
448cerebral systems during task performance would rule out
449any additional improvement, whereas improvement might
450be possible in the case of elder participants with ‘‘subopti-
451mal’’ cognitive processing during task performance
452(Zimerman et al., 2013).
453Finally, two other studies focusing on the WM domain
454have used tDCS over the PFC cortex. (Berryhill & Jones,
4552012) performed a sham-controlled experiment with anodal
456tDCS over the dorsolateral PFC (i.e., with the anodal elec-
457trode located in either F3 or F4 of the 10-20 EEG system)
458for 10 min prior to visuospatial and verbal WM tasks. They
459observed that tDCS improved WM performance on both
460tasks independently of the stimulation site (left or right
461PFC), but that this effect was only evident in individuals
462with high levels of education. The data were interpreted
463as evidence of the need for bilateral recruitment in order
464to obtain optimal cognitive performance in the elderly
465(Cabeza et al., 2002). Better educated individuals were
466more likely to recruit the PFC bilaterally, leading to better
467cognitive performance, a pattern that may have been facil-
468itated by the electrode montage used. In the other report of
469WM, (Park et al., 2014) applied bilateral anodal prefrontal
470(F3, F4) tDCS during computer-assisted cognitive training.
471In a sham-controlled study, the authors observed greater
472improvements in verbal WM and in attention (digit span
473forward) under real tDCS than in sham stimulation. Nota-
474bly, the cognitive benefits lasted for almost a month after
475stimulation.
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476 Summary of the Use of NIBS Neuro-
477 Enhancement Protocols in the Elderly

478 In summary, despite the scarcity of the literature and the
479 heterogeneity of the reports available, a number of promis-
480 ing studies have recorded memory enhancements with the
481 use of NIBS. With regard to the memory paradigms and,
482 stimulation procedures employed and the areas targeted,
483 at least three studies have demonstrated relatively high
484 Hedge’s g (which was calculated in accordance with the
485 published guidelines (Lakens, 2013) and represents an
486 unbiased method for calculating effect sizes that ultimately
487 relies on the means and the standard deviations) effect sizes
488 (> 0.60) for NIBS stimulation over memory functions
489 (Flöel et al., 2012; Sandrini et al., 2014; Solé-Padullés
490 et al., 2006). In addition, these studies were conducted by
491 independent research teams and included sham groups, ran-
492 domization procedures, and complete reports of the stimu-
493 lation effects. Therefore, the common sources of possible
494 bias should be minimal, making the available data more
495 robust.
496 In terms of the site of stimulation, most of the review
497 studies targeted the PFC, although parietal executive
498 regions have also been successfully stimulated (i.e., Flöel
499 et al., 2012). These studies were either designed or dis-
500 cussed in view of their potential to mediate successful com-
501 pensatory responses in the aging brain through putative
502 additional frontal lobe activity recruitments. In addition to
503 reflecting the capacity of NIBS to transiently improve
504 memory functions, the studies reviewed should help further
505 our understanding of the neurobiology of current models of
506 cognitive neuroscience of aging. Notably, NIBS allows
507 inference of brain-cognition causality, a property that makes
508 this technique invaluable for testing aging models such as
509 the Hemispheric Asymmetry Reduction in Older Adults
510 (HAROLD; Cabeza, 2002) which initially emerged in the
511 light of correlational evidence deriving from functional
512 imaging studies. The ability of NIBS techniques to causally
513 study neurocognitive models of aging is not limited to
514 memory functions. For instance, the abovementioned study
515 by Meinzer and colleagues (2013) proved that, compared to
516 young individuals, elders showed right frontal lobe over-
517 recruitment during verbal fluency tasks and that anodal
518 tDCS reductions of brain activity in the right medial frontal
519 gyrus were associated with behavioral improvements. This
520 report indicates that in the case of linguistic functions the
521 increase in right frontal lobe areas (leading to a possible
522 ‘‘hemispheric reduction asymmetry’’ pattern compared to
523 young individuals) is not compensatory but rather counter-
524 productive. Other studies oriented toward neuro-enhance-
525 ment objectives provided valuable information about the
526 neural changes occurring in specific subgroups of elderly
527 participants. In this vein Berryhill and Jones (2012)
528 observed that beneficial effects on WM performance fol-
529 lowing tDCS were only observed among highly-educated
530 elders. This result, obtained with NIBS research, may shed
531 further light on the ‘‘cognitive reserve’’ hypothesis, since
532 education is the most common proxy used to reflect CRQ6 ,
533 and since greater cognitive reserve is related to more

534efficient usage of brain networks in healthy aging (see
535Bartrés-Faz & Arenaza-Urquijo, 2011 for a review).
536While an association between increased excitability and
537neuro-enhancement is often implicitly assumed, extreme
538caution should be taken when supposing that increased
539PFC activity will invariably enhance compensatory mecha-
540nisms and improve performance. First, as mentioned above,
541evidence is now emerging of neural mechanisms underlying
542the effects of positive stimulation on word generation tasks,
543in the form of reductions in aberrant hyperactivity both in
544healthy old adults (Meinzer et al., 2013) and in old adults
545with MCI (Meinzer, Jähnigen, Copland, et al., 2014).
546Hence, cognitive enhancement may also be attributed to
547increased neural efficiency (Kar & Wright, 2014), which
548may involve a fine-tuning of the neural resources managing
549inter-network interactions; for instance, facilitating switch-
550ing between tasks of different levels of difficulty (Meinzer,
551Lindenberg, Sieg, et al., 2014; Peña-Gómez, Sala-Llonch,
552et al., 2012). Other explanatory frameworks, such as
553reduced activity in competitive areas, may also account
554for the differences in cognition after NIBS (Iuculano &
555Cohen Kadosh, 2013). Alternatively, improvements caused
556by NIBS might be driven by conceptually related but non-
557mutually exclusive cognitive functions in the elderly such as
558increased inhibitory control, which would highlight the role
559of top-down processes (Harty et al., 2014).
560Overall, the use of NIBS to enhance memory functions
561in aging appears to be promising. Indeed, robust scientific
562evidence is accumulating, despite being limited to a small
563number of studies. As Flöel suggested in relation to neuro-
564logical conditions (Flöel, 2014) a greater number of multi-
565center studies using standardized procedures will be needed
566to facilitate comparison. At the same time, efforts must be
567made to further understand the biological underpinnings of
568the cognitive effects of stimulation and to take into account
569how inter- and intra-individual variability in responses to
570NIBS influence the results of a given study protocol (see
571below).

572Are NIBS-Induced Memory Enhancements
573Relevant Outside the Laboratory Setting?

574In the previous section, we reviewed studies that used NIBS
575in order to improve memory processes in healthy elderly
576individuals, and briefly interpreted the findings. However,
577statistically significant findings do not necessary translate
578into clinically significant results. A central question when
579assessing the ability of NIBS to induce long-term improve-
580ments in memory functions in the elderly is whether the
581benefits obtained persist beyond the treatment itself. Inves-
582tigations in young individuals (Meinzer, Jähnigen, Copland,
583et al., 2014; Reis et al., 2009) and patients (Fridriksson,
584Richardson, Baker, & Rorden, 2011) have demonstrated
585that the cognitive and behavioral effects of NIBS can last
586for months. In healthy elderly individuals, most studies
587have not tested potential longer-term effects, except for
588the three studies mentioned above (Flöel et al., 2012; Park
589et al., 2014; Sandrini et al., 2014) which reported memory
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590 advantages after stimulation lasting from one week to one
591 month. These results suggest that brain stimulation can
592 modulate long-term memory consolidation processes in
593 the elderly, possibly affecting persistent modifications in
594 synaptic connections (Stagg & Nitsche, 2011).
595 A relevant factor when considering the potential positive
596 long-term benefits of NIBS effects is whether it should be
597 delivered in single or repeated sessions. It has been pro-
598 posed that repetitive stimulation may surpass the transient
599 plasticity modulation obtained with isolated sessions, lead-
600 ing to more robust cerebral changes, such as the durable
601 protein synthesis modulations thought to underlie long-term
602 memory gains. Indeed, studies in young volunteers
603 (Meinzer, Jähnigen, Copland, et al., 2014) and elderly par-
604 ticipants (Zimerman et al., 2013) have demonstrated more
605 successful learning of motor learning tasks when tDCS
606 was applied during multiple sessions. Prolonged memory
607 benefits (up to 4 weeks) were also observed after tDCS
608 was applied to patients with AD for five consecutive days
609 (Boggio et al., 2012). Given that the use of repeated NIBS
610 sessions is more costly for the clinician, convincing
611 domain-specific evidence is still needed to demonstrate that
612 the potential benefits over single-session NIBS in the
613 elderly are real.
614 Methodologically, another key question that will need to
615 be addressed is the optimal spacing interval between stim-
616 ulations. Research into the long-term plasticity phase in ani-
617 mal models has considered brain stimulation training
618 sessions repeated in a relatively tight-spaced period. In par-
619 allel, the use of repetitive NIBS sessions in human beings,
620 spaced at intervals of several minutes (i.e., 3–30 min), has
621 obtained greater and more persistent changes in neuroplas-
622 ticity responses than NIBS applied over more prolonged
623 spacing periods, with the latter appearing to produce more
624 labile and reversible plasticity changes (Goldsworthy,
625 Pitcher, & Ridding, 2014). Therefore, further research
626 should investigate whether frequently applied NIBS ses-
627 sions result in more durable and stable cognitive benefits
628 than single or more widely spaced sessions.
629 Another relevant issue regarding the implementation of
630 NIBS is the potential for increased benefits if it is applied
631 concomitantly with cognitive interventions. Cognitive train-
632 ing is emerging as a valid method for the control of age-
633 related cognitive dysfunction (Gates et al., 2013; Kelly
634 et al., 2014). Given that both cognitive training and NIBS
635 can enhance adaptive plasticity mechanisms, one might
636 hypothesize that they may produce synergistic positive
637 effects on cognitive outcomes when applied together (Ditye,
638 Jacobson, Walsh, & Lavidor, 2012). Indeed, among young
639 participants, there is evidence that brain stimulation in com-
640 bination with cognitive training not only amplifies the ben-
641 efits of multi-session training regarding the trained task but
642 also improves other conceptually similar untrained cogni-
643 tive skills (Cappelletti et al., 2013). These results indicate
644 that NIBS may enhance the ecological validity of cognitive
645 training by expanding near transfer effects. The area prom-
646 ises to have many therapeutic applications, and because the
647 limited transfer benefits after cognitive training may be
648 more pronounced in the elderly (Dahlin, Nyberg, Bäckman,
649 & Neely, 2008), it may be particularly interesting for

650cognitive aging studies. However, while at least three stud-
651ies have reported the positive adjuvant effects of TMS or
652tDCS on memory or executive functions in AD (Bentwich
653et al., 2011; Penolazzi et al., 2014; Rabey et al., 2013), to
654date only one study (Park et al., 2014) has assessed the
655combined effect of NIBS with cognitive training in aging.
656In that study, which involved 10 daily sessions of tDCS
657and cognitive training, the authors reported that the WM
658improvements were maintained for up to 28 days after stim-
659ulation sessions. However, there was no comparison group
660(i.e., tDCS without cognitive training), which means that no
661further conclusions regarding a potential synergistic effect
662can be drawn. Clearly, future research should address the
663potential of combining NIBS with cognitive training in
664memory studies of aging.

665The Practical Use of NIBS for the
666Psychologist: Advantages and Limitations

667So far we have highlighted the value of NIBS for the inves-
668tigation of memory functions in aging, including its poten-
669tial as a therapeutic tool against age-related cognitive
670dysfunction. In this section, we discuss some of the more
671practical issues concerning the versatility and limitations
672of one technique or procedure over another. The aim is to
673provide guidance for psychologists aiming to initiate clini-
674cal research in this field.
675First, most of the studies (see Table 1) to date have used
676tDCS rather than TMS. At the time of writing, other prom-
677ising methods with potential for modulating cognitive func-
678tions (including memory processes) in human beings such
679as transcranial random and alternate current stimulation
680(Garside, Arizpe, Lau, Goh, & Walsh, 2014; Jaušovec &
681Jaušovec, 2014) are yet to be applied in the cognitive neu-
682roscience of aging. Beyond the scientific issues, this bias
683(i.e., the use of tDCS rather than TMS) may be related to
684practical considerations. Despite the fact that both tech-
685niques are relatively safe and cause minimal patient dis-
686comfort, tDCS is known to have fewer adverse effects
687than TMS (Bruononi et al., 2011; Fertonani, Ferrari, &
688Miniussi, 2015; Rossi, Hallett, Rossini, & Pascual-Leone,
6892009). Additionally, tDCS is both more portable and
690cheaper than TMS and requires less technical skill. It can
691also be more readily coupled with cognitive testing/learning
692paradigms. TMS is less portable, particularly if neuro-
693navigation is needed to take advantage of its inherently
694greater spatial (and temporal) resolution. Additionally,
695tDCS allows for better placebo stimulation (Davis, Gold,
696Pascual-Leone, & Bracewell, 2013). TMS pulses produce
697marked somatic sensations that are difficult to emulate in
698a placebo; in tDCS, on the other hand, it is possible to
699switch the current off 10–30 s after sensations associated
700with the onset of tDCS (i.e., itching or tingling) appear that
701blur the distinction for the participants between sham and
702placebo procedures. Yet, at high intensity tDCS, this pla-
703cebo procedure is much less effective, especially when sub-
704jects are not naïve to stimulation; this may potentially
705induce a bias, particularly in crossover studies (Fertonani
706et al., 2015; O’Connell et al., 2012).
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707 TMS and tDCS can each be applied for long enough to
708 induce brain plasticity responses, and each may enhance the
709 eventual consolidation of long-term memory effects. How-
710 ever, tDCS may again be more suitable for use over rela-
711 tively extended periods during the learning, consolidation,
712 or retrieval of memory processes, whereas rTMS is usually
713 applied ‘‘offline.’’ For ethical and safety issues it should be
714 stressed that, while both techniques have been shown to be
715 safe, guidelines are only available for TMS (Rossi et al.,
716 2009). Importantly, the techniques are not tailored for spe-
717 cific populations such as pediatric or elderly subjects, as
718 they exhibit particular neurodevelopmental, neurophysio-
719 logical, and molecular characteristics that may have unfore-
720 seen interactions with NIBS effects and side effects (Davis,
721 2014; Sibille, 2013). Thus, the current recommendation is
722 that caution should be taken, particularly if protocols with
723 high frequencies and/or intensities are used. Protocols
724 should include proper training in the basic technical princi-
725 ples of NIBS, its applicability, and ethical and regulatory
726 issues.
727 An important limitation of the use of NIBS is that sig-
728 nificant gaps remain in the mechanistic understanding of
729 the intermediate steps in the cascade of events linking the
730 effects of brain stimulation at a microscopic level with
731 gross changes in behaviour (Bestmann, de Berker, &
732 Bonaiuto, 2015). In the field of cognitive aging, this may
733 even be aggravated by the impact of age on the structure,
734 function, and neurochemical properties of the brain. Knowl-
735 edge of the basic neurophysiology and cognitive neurosci-
736 ence of the aging process is not only a basic requirement
737 of further investigation, but will also help with the develop-
738 ment of specific hypotheses and with the design of novel
739 stimulation approaches. The aging brain presents highly
740 marked individual differences in terms of atrophy, resilience
741 capacity, and network usage. Although a number of theoret-
742 ical approaches have been proposed to explain these inter-
743 individual differences, the available knowledge of NIBS
744 such as novel methodological approximations and cognitive
745 modeling (Miniussi, Harris, & Ruzzoli, 2013) might allow
746 the refinement of hypotheses and objectives and ultimately
747 optimize the cognitive results achieved with stimulation. In
748 this regard, there is extensive evidence that the effects of
749 NIBS are modulated by several inter- and intra-individual
750 characteristics (Li, Uehara, & Hanakawa, 2015; Maeda,
751 Keenan, Tormos, Topka, & Pascual-Leone, 2000), and that
752 cognitive improvements in one cognitive domain triggered
753 by stimulation may be associated with concomitant interfer-
754 ence in other cognitive tasks or measures (Iuculano &
755 Cohen Kadosh, 2013). These aspects should not be seen
756 as limitations of NIBS, but as basic knowledge that will
757 help to define specific methodological procedures in our
758 attempts to target specific regions and determine the opti-
759 mal parameters for its use. This basic knowledge of the
760 characteristics of the technique, together with theory-based
761 cognitive neuroscience hypotheses of aging, will not only
762 help to predict outcomes, but should ultimately help to
763 optimize the neuro-enhancement properties of brain stimu-
764 lation in the elderly.

765Conclusions

766In the present article, we have reviewed the scientific evi-
767dence of the ability of NIBS to obtain memory improve-
768ments among healthy older adults. We have also
769described the mechanisms underlying these enhancements
770proposed in the literature, and have highlighted some
771approaches that may improve the efficacy of the technique,
772such as its application across multiple sessions and its con-
773current use with learning paradigms or cognitive training
774strategies.
775Overall, the use of NIBS to enhance memory among old
776adults represents a promising approach for both research
777and clinical psychology. However, the effects of NIBS are
778likely to be highly dependent on interindividual differences
779on specific biomarkers, such as neuroimaging-based mea-
780sures of brain functional and structural integrity, or the pres-
781ence of particular genetic variations (i.e., APOE, BDNF).
782Hence, the abovementioned need for harmonized multicen-
783tric protocols should also address the issue of inter- and
784intra-individual variability as a means to identify individu-
785als who can benefit the most from NIBS interventions.
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